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Abstract 
The Midwestern Regional Carbon Sequestration Partnership (MRCSP, www.mrcsp.org) is improving understanding of potential 
carbon dioxide (CO2) utilization and storage resources within a nine-state region of the United States that relies heavily on fossil 
energy. This paper describes two milestones achieved: completion of 10 years of carbon capture and storage (CCS) research, and 
the start of a large-scale injection test in conjunction with CO2-enhanced oil recovery (EOR). Lessons learned from regional 
characterization and small-scale field tests, as well as the approach that is being followed for the large-scale injection test (including 
characterization, monitoring, and modeling), are presented. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The Midwestern Regional Carbon Sequestration Partnership (MRCSP) was established in 2003 as a private-public 
collaboration by Battelle for the U.S. Department of Energy/National Energy Technology Laboratory (DOE/NETL) 
to assess the technical potential, economic viability, and public acceptability of carbon capture and storage (CCS) 
within its 9-state region. The MRCSP region originally consisted of five contiguous states: Indiana, Kentucky, Ohio, 
Pennsylvania, and West Virginia. Maryland and Michigan joined in 2004. New York became the eighth member state 
in 2007. In the summer of 2009, New Jersey joined the MRCSP as its ninth state. About 75 percent of the electricity 
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generated in the region is generated by coal. Despite the recent growth in natural gas production from shale reservoirs 
and plant closures due to regulatory requirements, coal-fired power generation remains the dominant source of CO2 
emissions. Together, the MRCSP region emits about 670 million metric tons of carbon dioxide (CO2) per year from 
large point sources—with power generation being the predominant large point source of CO2 emissions (see Fig. 1) 
[1]. The knowledge gained from this research will be of broad value to the regional economy by helping to develop 
robust and cost-effective means for reducing greenhouse gas emissions. 
Fig. 1. a) Location of large point sources in the MRCSP Region; b) Pie chart showing a breakdown of CO2 large point source emissions in the 
MRCSP region. 
This paper describes two milestones achieved: completion of 10 years of CCS research, and the start of a large-
scale injection test in conjunction with CO2-enhanced oil recovery (EOR). The first part of the paper summarizes some 
of the key lessons learned from regional characterization and small-scale field tests. The second part of the paper 
discusses the approach and preliminary results for the Michigan Basin Large-Scale Injection Project (including 
characterization, monitoring, and modeling efforts). Lessons learned from regional characterization and small-scale 
field tests are presented. 
2. Lessons learned from 10 years of testing and regional characterization  
The DOE’s Regional Carbon Sequestration Partnership Program is being implemented in three incremental phases. 
MRCSP initiated work in October 2003 under a two-year Characterization Phase (Phase I). The research continued 
under Phase II (Validation), which was completed in 2010. MRCSP is now in its 10th year of research, with Phase III 
(Development) underway. The MRCSP Program Portfolio of field tests and regional characterization functions to 
develop practical knowledge and increase capabilities for CCS technologies. Led by Battelle, MRCSP includes nearly 
40 organizations from the research community, energy industry, universities, non-government, and government 
agencies. 
2.1. Small-scale validation tests 
Completing field tests is one step toward developing robust strategies for mitigating large point source CO2 
emissions. As shown in Fig. 2, the MRCSP conducted three Phase II small-scale validation tests in areas that represent 
a broad spectrum of the geology underlying the region [2]. These geologic test sites were selected for a variety of 
reasons including: proximity to significant CO2 sources, favorable geologic setting, accessible host site, and overall 
benefits for advancing CO2 sequestration in the region.  
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Fig. 2. Site location map for the three validation phase geologic storage tests. 
Each field test incorporated extensive reservoir and seal characterization, permitting, reservoir modeling, outreach, 
injection, and monitoring efforts. Approximately 60,000 metric tons of CO2 were injected into a dolomitic saline 
reservoir in the Michigan Basin at a depth of 1,100 meters. The initial plan was to inject into the Sylvania Sandstone; 
however, after drilling the test well, Bass Islands Dolomite was found to provide the best storage target. Prior to testing, 
carbonates were not considered a significant potential sequestration resource for the region. Better than expected 
injectivity found in this reservoir has led to greater emphasis on understanding and characterizing carbonate storage 
resources in the region. The test of the Mount Simon Sandstone was conducted at Duke Energy’s East Bend Plant in 
Kentucky within the Cincinnati Arch. Injection and monitoring of about 1,000 metric tons of CO2 took place in 2009. 
Good injectivity was confirmed in this sandstone, and this test was the first CO2 injection test into this regionally 
significant storage resource. A relatively unexplored site at FirstEnergy’s R.E. Burger Plant in the Appalachian Basin 
provided an opportunity to test multiple deep saline reservoir zones, which are typical of many parts of this basin. A 
test well ~2,500 meters deep was drilled in 2007 followed by injectivity testing in three distinct zones in late 2008. All 
three formations were found to have lower than expected injectivity, and minimal CO2 was injected. This test 
demonstrated the importance of additional regional characterization data, especially for the Appalachian Basin. 
 
Phase II characterization efforts consisted of various data collection methods, including 2-D seismic, cross-well 
seismic, vertical seismic profiling geophysical well logs, and core sample collection/analyses. Hydraulic analyses were 
conducted to evaluate reservoir properties, such as fracture pressure and permeability. Data from these tests and others 
helped to describe local variations, which could then be extrapolated to better understand regional characteristics. 
Reservoir simulations provided information for the injection permit, system design, monitoring, and injection 
operations. Advanced numerical simulations were completed with the Subsurface Transport Over Multiple Phases - 
Water, CO2, Salt, Energy (STOMP-WCSE) computer model (developed within the DOE, Pacific Northwest National 
Laboratory) to simulate supercritical CO2 injection at the MRCSP Michigan Basin and Cincinnati Arch sites. In 
general, the models provided an accurate simulation of the CO2 storage process.  
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The public education and outreach approach was tailored for each site. Each site was located in a different state, 
with differing political cultures and specific regulatory requirements, which entailed the development of site-specific 
outreach efforts for differing stakeholder perspectives across the region. Each site was regulated by a different agency, 
each of which had differing requirements for public involvement related to permitting. All informational materials and 
activities were posted on the MRCSP website to facilitate information sharing among test sites and with regional 
partners and stakeholders.  
 
Field demonstrations in multiple geologic settings have helped in proving the feasibility of geologic sequestration 
in the MRCSP region and to develop best practices for site selection, characterization, permitting, outreach, 
monitoring, and modeling [2,3]. For example, a number of monitoring techniques were found to be useful in tracking 
the CO2 migration behavior and confirming the effectiveness of the confining zone [2,4].  
 
In addition to the MRCSP Phase II Final Report [4], which summarizes more than 5 years of research activities, 16 
other detailed reports on geologic sequestration field tests, terrestrial sequestration field tests, and regional geologic 
characterization efforts are available on the MRCSP website (www.mrcsp.org). Collective evidence from these 
characterization, injection, and monitoring efforts substantiates previous assessments that this region has significant 
storage capacity potential. The field tests provide confidence that larger-scale applications can be implemented 
successfully. 
2.2. Regional characterization 
Regional characterization is a major component of MRCSP’s program portfolio. A key lesson from the first 10 years 
of research is the validation of the theoretical potential to sequester all of the region’s CO2 emissions from large point 
sources. Fig. 3 presents the sequestration potential for the MRCSP region. As shown in this figure, saline reservoirs 
offer the greatest capacity, followed by depleted oil and gas reservoirs, and lastly organic shale and coal beds. Mount 
Simon Sandstone is the most prominent regional storage zone. In deeper basins, injectivity is predominantly found in 
carbonate layers such as vuggy dolomite, which are very poorly explored.  
 
 
Fig. 3. CO2 storage resources were mapped for a) saline reservoirs, b) depleted oil and gas fields, c) organic shales, and d) unmineable coal beds. 
Collectively, the regional mapping and three field demonstrations provide significant insight into geologic storage 
feasibility over a range of rock types and properties. Two of the tested sites indicate injection and storage at rates 
exceeding 1,000 metric tons/day/well. The regional mapping of these zones indicates that the tested layers are likely 
to be continuous over a large area, and, therefore, have potential for large-scale, long-term injection operations required 
for the numerous CO2 sources in the region. The field data combined with regional characterization data, and the 
accompanying knowledge base that has been formed through collaborative research, support the possibility of 
commercial-scale CCS applications.  
 
Geologists from each state continue to work jointly in Phase III to define regional CO2 storage reservoirs that are 
suitable for existing and future sources of CO2 and support the energy industry in evaluating carbon storage options. 
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The injection tests at the R.E. Burger site revealed that the three targeted geologic formations did not have sufficient 
porosity and permeability for completing the small-scale injection of CO2 as planned. Because rock properties can 
vary due to the complex nature of the formations within the basin, the lack of injectivity at this particular location does 
not preclude the presence of suitable formations in other locations within the Appalachian Basin. For example, 
significant injectivity was observed in the vuggy dolomites in the Copper Ridge Dolomite at the American Electric 
Power’s Mountaineer Plant in West Virginia [5]. Consequently, the Ohio Coal Development Office is sponsoring 
additional regional characterization efforts through piggyback opportunities, including collection of wireline logs and 
borehole flowmeter surveys in Appalachian Basin in collaboration with brine disposal well drillers. Specifically, an 
effort is being made to use advanced image logs, sonic logs, and nuclear magnetic logs to map potential zones of high 
permeability within the largely dense carbonate layers typical of deep basins. Locations of these additional regional 
characterization efforts during Phase III completed thus far are shown in Fig. 4. These activities are expanding 






Fig. 4. Ohio Coal Development Office is sponsoring additional regional characterization efforts through piggyback opportunities to expand 
knowledge of reservoirs in the Appalachian Basin. 
3. Large-scale injection testing approach 
3.1. Overview 
The Phase III Michigan Basin Large-Scale Injection Project is located in Otsego County, Michigan (Fig. 5). The 
goal is to implement a geologic injection and monitoring test of at least 1 million metric tons of CO2 to promote 
understanding of injectivity, capacity, and storage potential at commercial scale in a reservoir having broad importance 
to the region. CO2 is being injected into a small number of oil fields within a geologic formation known as the northern 
Niagaran Pinnacle Reef trend [6], which has significant potential capacity for supporting large-scale CCS. The source 
of the CO2 for the test is man-made (natural gas processing), and the site has existing surface and well infrastructure. 
The surrounding area has a proven network built on a history of gas and oil production. Testing is being carried out 
across carbonate oil-bearing reefs in different stages of the oil production life cycle, including one highly depleted or 
late-stage reef near end of its production life, six active CO2-EOR reefs, and new CO2 flood in reef(s) that has only 
seen primary recovery. The individual fields are part of the Silurian age pinnacle reefs with containment provided by 
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low-permeability carbonate and evaporite zones, thus making them ideal for studying CO2 storage potential in closed 
reservoirs. The highly depleted reef is serving as the main test reef for monitoring technologies. The results will be 





Fig. 5. a) The Phase III test is located in a reservoir having broad importance to the region; b) Plan view showing locations of carbonate reefs in 
different stages of EOR life-cycle. 
3.2. Site characterization and baseline monitoring 
The late-stage reef serves as the main test bed for monitoring technologies. This reef has one vertical injection well 
and two monitoring wells—one lateral and one high-angle vertical (Fig. 6).  
 
This late-stage reef has been subject to extensive primary and secondary recovery for 32 years since 1975. The 
reservoir has undergone primary production from 1975 to 1996 to yield 1,286 thousand barrels of oil. CO2 flooding 
for secondary recovery was implemented from 1996 to 2007 to extract an additional 492 thousand barrels oil.  
 
A thorough geological characterization has been completed using the historical data to build static and dynamic 
reservoir models [7,8]. Certain assumptions were required for data gaps due to the age of the wells. New data have 
been collected to serve as baseline monitoring data; data collection will be repeated at the end of active injection phase 
once the reservoir has reached capacity (see Table 1).  
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Fig. 6. a) Plan view of the late-stage reef and locations of open and plugged wells; b) General schematic of late-stage reef and its open wells 
(center injection well and two monitoring wells). 
Table 1. Monitoring plan for the late-stage reef 
Activity 
Before 
Injection Early Injection Mid Injection Late Injection After Injection 
CO2 flow  X X X  
Pressure and temperature X X X X X 
Wireline logging X  X  X 
Borehole gravity X    X 
Fluid sampling X  X  X 
VSP X    X 
Microseismic X   Maybe  
Satellite radar X X X X X 
 
Significantly, the late-stage reef has seen past CO2 injection for EOR. Before the start of MRCSP injection, an 
estimated 200,000 metric tons of CO2 was already retained in this field. The effect of this pre-existing CO2 will need 
to be considered in the reservoir analysis and in interpretation of monitoring data. Baseline monitoring included a 
vertical seismic profile (VSP) survey, microseismic monitoring, pulse neutron wireline logging, satellite radar 
monitoring, borehole gravity survey, fluid and gas sampling, and pressure monitoring. An overview of these 
monitoring techniques and how they are being applied to improve current geologic understanding is presented in Gerst 
et al. [9] and Kelley et al. [10].  
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3.3. Long-term injection monitoring 
The CO2 injection in the depleted reef started in March 2013 at a rate of about 900 metric tons per day. As of August 
2014, approximately 244,000 metric tons have been injected. A significant amount of pressure data, including three 
episodes of pressure fall-off, has been collected and analyzed [10]. 
 
Concurrently with depleted reef injection, monitoring of injection and production is underway in six operational 
fields at the facility, including selective pressure and wireline logging and fluid flow mass balances. Monitoring 
activities include metering of the CO2 injection volume, recycle of CO2 gas produced with oil, and new compressed 
CO2 from the natural gas processing plant. Fig. 7 presents a diagram of the closed-loop CO2 EOR cycle and monitoring 
points. For purposes of reporting, the net CO2 injected in the formations during the Phase III injection and monitoring 
period, will be calculated as the difference between the CO2 injected and CO2 produced 
 
The six EOR reefs currently contain eight injection and 11 active producer wells. In addition, the late-stage reef 
contains one injection well and two producer wells that have been converted for monitoring the CO2 storage process. 
Some of these reefs have been used for CO2 EOR since 1996. A depiction of the cumulative net CO2 stored at the 
EOR reefs based on historical monitoring data is presented in Fig. 8. 
 
 
Fig. 7. Diagram of closed-loop CO2-EOR cycle and monitoring points. 
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Fig. 8. Net CO2 injected in all reefs since EOR started in 1996 showing increasing amount of CO2 stored even during an active EOR phase. 
A key question in these active operations is determining the amount of CO2 being stored incidental to EOR 
operations. The MRCSP project also is developing validated reservoir models that can be used to estimate CO2 
capacity of EOR reefs at the end of the oil production life cycle. These predictions will be available later in the project. 
The injection vs. pressure relation in the late-stage reef so far shows the effect of phase changes in the system from 
the initial subcritical injection (gas phase) to liquid phase and eventually to the supercritical phase. Furthermore, as 
the closed reef structure starts to fill up, the rate of increase in pressure increases substantially. Currently the reef has 
already exceeded the discovery pressure but is within the permitted pressure limit. Information about the injectivity at 
these high reservoir pressures and the ultimate storage capacity in depleted oil fields is important for understanding 
the feasibility of transitioning EOR projects into CO2 storage projects. 
3.4. Geologic and reservoir modeling 
One challenge for this large-scale test is to build a dynamic model that can emulate actual reservoir behavior, which 
can ultimately be applied to predict reservoir response to CO2 injection and estimate potential storage capacity. The 
workflow for the modeling task includes assessment of all preexisting data; development of static earth models; and 
dynamic reservoir modeling to predict response to CO2 injection.  
 
MRCSP developed a static earth model (SEM) of the late-stage reef [7], which was fed into a dynamic numerical 
simulator [8] to predict pressure response to CO2 injection. The SEM models explore the alternative conceptualizations 
based on lithostratigraphic and sequence stratigraphic approaches. As a first step, a relatively simple black oil 
simulator, CMG-IMEX® (Computer Modelling Group, CMG; Calgary, Alberta, Canada), was used. The black oil 
model was able to replicate historic production data for the primary and secondary recovery periods (see Fig. 9); 
however, the model appears to under-predict the reservoir pressure observed during current CO2 injection. This under-
prediction is possibly due to assumptions used to describe the size of the reef and the CO2 solubility model in the 
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simulator. This could also be a reflection of incomplete operational records for historic activities in the reefs. The next 
step is to transition from a black oil model to a compositional model that can effectively handle multicomponent 
reservoir fluid interactions. The compositional model is more complex, where the Pressure-Volume-Temperature 
properties of oil and gas phases have been fitted to an equation of state (EOS) that analyzes inter-phase mass transfer 
between all defined components. The simulator thus uses the fitted EOS equation to dynamically track the movement 
of both phases and components in field. A more detailed discussion can be found in Ravi Ganesh et al. [8]. 
 
 
Fig. 9. History-match results for: (a) Oil production; (b) Gas production; (c) CO2 injection; and (d) Average reservoir pressure. The symbols in the 
figures represent field data, while the lines give model outputs. 
4. Conclusions 
MRCSP’s program portfolio—regional mapping, regulatory analysis and outreach, and field demonstrations—is 
developing practical knowledge and increasing capabilities for CCS deployment within a nine-state region of the 
United States that relies heavily on fossil energy. The MRCSP recently achieved a major milestone with the completion 
of 10 years of CCS research. Lessons learned from three small-scale validation tests and collaborative regional 
mapping indicates that the region has the potential for large-scale, long-term injection operations required for the 
numerous CO2 sources in the region. One test demonstrated the importance of additional regional characterization 
data, especially for the Appalachian Basin.  
 
The second milestone presented in this paper is the start of a large-scale injection test in conjunction with CO2-
EOR. The Phase III Michigan Basin Large-Scale Injection Project is implementing a geologic injection test in a small 
number of oil fields within a geologic formation known as the northern Niagaran Pinnacle Reef trend. Testing is being 
carried out across carbonate oil-bearing reefs in different stages of the oil production life cycle, including one highly 
depleted reef near end of life, six active CO2-EOR reefs, and one new CO2 flood in reef that has only seen primary 
recovery. The highly depleted reef is serving as the main test reef for monitoring technologies. The results of the Phase 
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